The dynamical behavior of ibuprofen or benzoic acid (model molecule of ibuprofen) encapsulated in mesoporous silica is very specific as a very high mobility is evidenced at ambient temperature due to the existence of confinement effect. In this contribution, we demonstrate through variable temperature 1 H MAS NMR experiments that this specific dynamical behavior is also related to a fast chemical exchange that takes place between protons of the COOH group of the organic molecule and protons from water molecules at the surface of the silica for materials obtained through incipient wetness impregnation. This phenomenon implies a weak interaction between the guest molecule and the silica surface that is related to the fast release profile of encapsulated ibuprofen observed in vitro.
Introduction
Confined molecules in porous matrices adopt a specific dynamical behavior because of confinement effect that implies a greater mobility of the trapped species when compared to molecules in bulk. This typical behavior is a consequence of a depression of the thermodynamical parameters including the phase transition temperatures. 1, 2 Thus, the encapsulated molecules can adopt a liquid-like behavior at room temperature, even if the pure substance is a solid under such conditions. This confinement effect, which is still not well understood, was often studied on simple liquids such as water, 3, 4 methanol, 5, 6 or benzene 7, 8, 9, 10, 11 in order to study their dynamical behavior and to determine the phase transition temperatures of the encapsulated molecules. The chosen porous matrices used for the encapsulation are often mesoporous silica such as SBA-15 5, 9, 10 or MCM-41. 5, 6, 10 Recently, the characterization of confined drug molecules became essential in the field of pharmaceutical studies due to a growing interest in mesoporous silica-based systems for the controlled release of hydrophobic drugs. 12, 13, 14, 15, 16, 17, 18, 19 The release kinetics depends on different parameters such as (i) the chemical composition of the drug, 20 (ii) the pH of the dissolution medium for ionizable drugs, 14 (iii) the pore diameter of the mesoporous matrix, 16 (iv) the chemical composition of the silica surface, 21 (v) the pore connectivity and its geometry, and (vi) the stability of the matrix 15 in aqueous medium. Ibuprofen is a nonsteroidal anti-inflammatory drug and is often used as a model molecule to study such drug delivery systems. In the particular case of ibuprofen encapsulated in MCM-41, it is observed that the release profile in a gastric or intestinal simulated fluid is much faster that the bulk molecule.
14 From a pharmaceutical point of view, it is crucial to precisely characterize the physical state of a drug in the dosage form and solid state NMR became an essential tool for this the porous carrier and (iii) the interaction between the two. 22 Recent literature showed that drugs confined in porous matrices are submitted to a confinement effect that influences their physical state at room temperature 23, 24, 25, 26, 27 . It is generally admitted that the exacerbated mobility evidenced in the case of encapsulated ibuprofen influences strongly the release profile observed in vitro. 28, 29 In particular, we showed in previous papers that such behavior must be taken into account for the NMR characterization of ibuprofen and model molecules (including benzoic acid) encapsulated in MCM-41. 30, 31, 32, 33 Indeed, due to the highly mobile behavior of the drug, the 13 C cross polarization (CP) NMR experiments on such solid samples are inefficient due to the partial averaging of heteronuclear 1 H- 13 C dipolar interaction that prevents a high efficiency of the CP process, which is routinely used in solid state NMR.
In this contribution, we study ibuprofen and benzoic acid encapsulated in MCM-41 through the incipient wetness impregnation method by means of 1 H MAS NMR experiments in order to understand the molecules-silica interface. In particular, we use variable temperature experiments that allow highlighting the presence of water molecules trapped inside the pores. These molecules are part of a fast chemical exchange that takes place between the protons of the COOH group of the organic molecule and protons from water molecules at ambient temperature. This phenomenon influences the highly mobile behavior of the guest molecule and implies a weak interaction between the guest molecule and the silica surface that is related to the fast release profile of encapsulated ibuprofen observed in vitro.
Experimental

MCM 41 synthesis, ibuprofen, benzoic acid and deuterated benzoic acid loading procedure.
The synthesis of Ibuprofen and benzoic acid encapsulated in MCM-41 was described in previous papers. 30, 32 Briefly, MCM-41 with a mean pore diameter of 30 Å was obtained by mixing under stirring at room temperature H2O, NaOH, cetyltrimethylammonium bromide, and silica The total amount of encapsulated organic molecules was determined through thermogravimetric analysis (TGA) on a SETARAM TG-DTA Instruments under air flow with a heating rate of 5 °C·min -1 up to 800 °C and was found to be 41.2, 40.8 and 48.9 w%, for
Ibu@MCM, BA@MCM and BA-D5@MCM, respectively ( Figure S1 ).
Humidity controlled samples were obtained by placing Ibu@MCM and BA@MCM one night in a close chamber with a saturated aqueous solution of NaCl corresponding to an atmosphere composed of 75% humidity.
Solid state NMR
Room temperature 1 H single pulse NMR experiments were performed on AV300 and AV400 Bruker spectrometers operating at ( 1 H) = 300 and 400 MHz, respectively. Zirconia rotors of 4 or 2.5 mm diameters were spun at a MAS frequency (MAS) of 14 or 35 kHz, respectively. /2 pulses were 5 and 2.5 µs, respectively. Recycle delays (RD) were set to 2 s.
No temperature regulation was used for room temperature experiments.
Variable temperature experiments were performed on AV300 Bruker spectrometer using a BCU-Xtreme Bruker accessory to regulate the temperature down to -53 °C. Zirconia rotors of 4 mm diameter were used and spun at MAS = 5 kHz. 1 H- 29 Si-1 H double "there and back" CP experiment consists of two consecutive cross polarization (CP) steps. The contact time of the first one from 1 H to 29 Si was set to tCP1 = 10 ms and the second one from 29 Si to 1 H was set to tCP2 = 1 ms. Recycle delays (RD) were set to 10 s. Temperature calibration was achieved using lead nitrate Pb(NO3)2.
13
C cross polarization (CP) MAS were performed on a AV300 Bruker spectrometer using 4 mm rotors at MAS = 5 kHz. Contact time was 5 ms and the recycle delay 3 s. 2 H static experiments were recorded on a AV300 Bruker spectrometer using a quadrupolar echo sequence (/2 pulse = 3.6 µs and delay  = 50 µs). The recycle delay was set to 60 s (solid) and 1s (liquid). 
Results and discussion
The
H MAS NMR spectra of Ibu and Ibu@MCM together with the resonances assignment (B0 = 9.4 T, MAS = 35 kHz). Asterisk denotes the specific resonance studied through 1 H MAS NMR variable temperature experiments (see text for details).
The absence of the proton resonance of the COOH group suggests either a deprotonated state of the molecule in the pores or a fast chemical exchange wherein the proton from the COOH group is involved. The second case was evidenced through already published variable temperature 1 H MAS NMR experiments. Below the glass transition (Tg) of MCM-41 encapsulated ibuprofen (Tg = -50°C), the resonance of the COOH moiety is then observed at ( 1 H) = 15 ppm. 30 Another specific resonance is observed in the 1 H MAS NMR spectrum of MCM-41 encapsulated ibuprofen at Tamb and not precisely assigned in the literature until now (asterisk in Figure 1 ). This resonance is broad and located at 6.7 ppm. It was shown through 2D 1 H- 29 Si HetCor experiments that this signal corresponds to protons close to silica sites. 30 This specific signal is also observed for various MCM-41-encapsulated carboxylic acids samples and in particular in the case of benzoic acid 31 that is often considered as a model molecule of ibuprofen due to the presence of common chemical moieties (phenyl ring and carboxylic acid group).
To investigate in details the absence of the COOH resonance due to fast chemical exchange phenomenon and a possible link with the specific broad resonance at 6.7 ppm, we When decreasing the temperature from +27 to -53°C (Figure 2) , we observe the gradual broadening of that specific resonance which then split into two resonances at -43°C.
At -53°C the two signals are clearly distinct at ( 1 H) = 13 and 6 ppm. We note that the glass (where TC is the coalescence temperature) and is found to be comprised between 43.30 and 41.49 kJ.mol -1 (calculation for TC = -23 and -33°C, respectively). This value is greater than the activation energy found for the intramolecular proton exchange in carboxylic acid dimers in the solid state where values around 4-5 kJ.mol -1 have been determined. 34 However it can be compared to proton exchange in H-Y zeolite where the activation energy between hydroxyls from the supercage and from the sodalite cage is estimated to be 50 kJ.mol -1 .
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The two resonances are assigned from the spectrum at -53°C (Figure 3) . The 1 H MAS NMR spectrum of BA-D5 reveals that the signal at 13 ppm correspond to the COOH group as the chemical shifts is identical to the 1 H resonance in BA-D5. The ( 1 H) being very sensitive to the strength of the H-bond in which the proton is engaged, 36 it seems that at low temperature benzoic acid molecules are reorganized as dimers in the mesopores similarly to what exists in the crystalline state.
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Figure 3. Low temperature (T = -53°C) 1 H MAS NMR spectra of BA-D5@MCM (direct excitation), BA-D5 (direct excitation) and BA-D5@MCM ( 1 H-29 Si-
H Double "there and back" CP). # denotes spinning side bands. B0 = 7 T, MAS = 5 kHz.
The second signal is assigned through a 1 H- 29 Si-1 H Double "there-and-back" CP NMR experiment that consists in two consecutive CP transfers, from 1 H to 29 Si and then back to 1 H. 38 The first transfer is used to maximize the 29 Si magnetization (the corresponding contact time tCP1 is set to 10 ms) and the second transfer, from 29 Si to 1 H, allows the investigation of 29 Si 1 H proximities by varying the corresponding contact time tCP2. For tCP2 = 1 ms, we observe the signal at 6 ppm thus corresponding to protons bounded to the silica (Figure 3 ). can be estimated to 4, 1.5 and 1.5 w% for Ibu@MCM, BA@MCM and BA-D5@MCM, respectively ( Figure S1 ). We note that these water molecules might correspond both to encapsulated water and water molecules at the surface of the silica particles. Nevertheless, the NMR result highlights that a significant part of these water molecules is trapped in the pores and takes part in the proton chemical exchange phenomenon with benzoic acid at ambient temperature. This 1 H signal assignment is confirmed by the 1 H spectra of BA and Ibu@MCM equilibrated one night in a humidity controlled atmosphere (75%, thanks to a NaCl saturated aqueous solution) as the 1 H chemical shift of the specific resonance depends on that equilibration (Figure 4) . At a high degree of humidity (75 %) this resonance is shifted down to 6 ppm, in the case of Ibu@MCM and down to around 5 ppm in the case of BA@MCM. As soon as the level of humidity is increased we observe a ( 1 H) value closer to that of pure water, confirming the previous assignment and the crucial role of water molecules in the chemical exchange process. We observe that the position of the 1 H resonance for encapsulated samples depends on the recording conditions as the 1 H resonances are slightly shifted to higher chemical shifts when MAS increases. Similarly, we believe that as soon as MAS increases, the temperature of the sample increases and can lead to partial dehydration especially for long time NMR experiments if the rotor is not perfectly airtight. Moreover, we note that for BA@MCM actually two resonances at 5.1 and 4.7 ppm are observed, that are related to water molecules inside and outside the pores of the mesoporous silica. 27 These signals are much more intense than for Ibu@MCM that is an indication of the ease of water molecules to enter inside the mesopores which is higher for BA@MCM than for Ibu@MCM.
T = -53°C
Finally, the water content inside the pores seems to influence the mobility of the molecules. In the case of ibuprofen, the 1 H line widths are sharper after equilibration in a water atmosphere which is the sign of an increased mobility.
According to the literature, 27 2 H NMR spectroscopy is a pertinent tool to study dynamics of solids and encapsulated molecules in particular. 40 We recorded variable temperature 2 H static NMR experiments to explore the dynamical behavior of encapsulated benzoic acid (BA-D5@MCM) and compared 
Conclusion
In this contribution, we demonstrated through variable temperature 1 H MAS NMR experiments that, in addition to confinement effect, the specific dynamical behavior of ibuprofen and benzoic acid encapsulated in MCM-41 is related to a proton fast chemical exchange that takes place at ambient temperature between the COOH group of the organic molecule and water molecules. Below -40°C this fast exchange is quenched for benzoic acid and the molecules rearrange under the form of dimer.
In conclusion, we believe that these results are of primary importance because:
(i) They help to understand the rapid release kinetics of ibuprofen observed in vitro.
Indeed, the host-guest interaction and the guest-guest interaction are of weak intensity due to both the physical confinement and the chemical exchange with water molecules present at the silica surface. This probably leads to a more rapid solubilization compared to pure and crystalline ibuprofen and increases its bioavailability.
(ii) More generally, they show the importance of water molecules at the silica surface while they are often overlooked. Indeed, in the case of small organic encapsulated molecules, the silica/organic interface is often featured through a direct and rigid interaction between a SiOH group and a functional group of the organic molecule.
Concerning the presence of water molecules, it is difficult to state on their origin.
Indeed, mesoporous silicas are "activated" (heating at 200°C in vacuum to desorb water molecules) before the encapsulation process. Nevertheless, several hypotheses may be advanced: it is possible that (i) the procedure is not sufficient to remove all the water molecules; (ii) silica readsorb water molecules from the atmosphere very quickly before encapsulation and finally (iii) the residual water molecules are present in the ethanol solution used for the encapsulation. Anyway, very interestingly, they seem to be critical in the release properties. These hypotheses are specific to the incipient wetness impregnation method employed in this study. Using the melting method for the encapsulation step would lead to a reduced amount of residual water molecules.
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